INTRODUCTION
In 1907 Ross G. Harrison published a short note entitled 'Observations on the living developing nerve fibre'" that described his latest research on the growth and development of the nervous system. He attempted to distinguish between the outgrowth theory of His and the intercellular cytoplasmic bridge theory of Hensen by studying the behaviour of fragments of tadpole spinal cord incubated in a clot of lymph in a hollow-ground glass slide. Harrison found that nerve fibres grew out from the explants by active movements of the nerve fibre tips and he thus resolved one of the major anatomical controversies2 of the time in favour of His.
However, these experiments aroused much wider interest, for the potential of the tissue culture technique devised by Harrison was immediately recognized, and Abercrombie has described this work as an "astonishing stride forward in the history of biology".' Tissue culture is now one of the most widely applied techniques in *J. A [26] [27] [28] [29] [30] [31] [32] [33] ; and a contemporary discussion of research on isolated organs and tissues and its relationship to tissue culture will be found in R. Legendre , 'Les recherches r6centes sur la survie des cellules, des tissus et des organes isol6s de l'organisme', Biologica, 1911 Princeton.6 In the same year an editorial in the Journal of the American Medical Association commented on studies by Carrel and Burrows: "It is difficult to estimate the importance of this new work. It lays bare practically a whole new field for experimental attack on many of the most fundamental problems in biology and the medical sciences. "7 Tissue culture studies continued at a rapid pace throughout the 1910s and in the early 1920s several reviews and books were published that attempted to describe and assess the achievements of the technique. These achievements appeared to be disappointing when compared with the original high expectations held for the method. For example in 1923, twelve years after the optimistic editorial in the Journal of the American Medical Association, an editorial in the Lancet expressed considerable dissatisfaction with progress in the field: "It was a line of research rich in promise but it must be confessed that its fruits have hitherto been meagre and far from encouraging."8 Those results that had been obtained seemed to be less than satisfactory, and Fischer commented in 1925 that: "During the short time that this method has been propagated into many different lines of biology many more or less hazardous conclusions have been brought out, mostly built on very imperfect technique."
As Willmer10 has remarked, tissue culture seemed to become "becalmed in the doldrums", perhaps because it had failed to fulfil its early promise, and also because it had acquired the reputation of being a difficult and esoteric technique. Willmer believes that: "Tissue culture, although a delicate and exacting technique and one in which vigorous asepsis is absolutely essential, gained a spurious and unfortunate reputation for difficulty and almost for mysticism."11
For example, Carleton, in a review published in 1923, felt it necessary to warn his readers that "the necessity for elaborate aseptic precautions has been over-empha- A diagram drawn up by P. R. White to illustrate the history of tissue culture and the relationships between different workers in the field. It is divided vertically in areas of interest, with "animal" subdivided into "materials and methods" (left) and "nutrients" (right). The central role played by Carrel in the development of animal tissue culture is clearly seen. However, the diagram ignores the substantial contributions of many European workers, e.g., Drew, Strangeways, Waymouth, Willmer, Levi, Ephrussi, Chlopin, Jacoby, and many others. his tissue culture manual: "I have sought to strip from the study of this subject its former atmosphere of mystery and complication. The grey walls, black gowns, masks and hoods; the shining twisted glass and pulsating coloured fluids; the gleaming stainless steel, hidden steam jets, enclosed microscopes and huge witches' cauldrons of the 'great' laboratories of 'tissue culture' have led far too many persons to consider cell culture too abstruse, recondite and sacrosanct a field to be invaded by mere hoipolloi!"13 This is a scarcely veiled reference to the pioneer Alexis Carrel,4 surgeon and winner of a Nobel Prize in 1912, for it was well known that his tissue culture technicians wore black, full-length, hooded gowns (see Figure 1) , and the reference to "shining twisted glass and pulsating coloured fluids" is to the perfusion pump that was devised by Charles A. Lindbergh, the transatlantic ffier, in Carrel's laboratory.1" Alexis Carrel was principally responsible for the development and elaboration of tissue culture techniques (see Figure 2) 283 J. A. Witkowski tissues by repeatedly transplanting them was difficult and tedious.37 Carrel's first improvement was to form the plasma clot on a piece of silk so that the tissue could be transferred more easily.38 This does not seem to have been very successful and it was not used in further work in Carrel's laboratory. There was no significant improvement on the transplant method until 1923, when Carrel introduced his flask, which became eponymous.Y9 This was a small flask with good optical properties and a long sloping neck designed to prevent particles of dust falling into the flask during handling. Fragments of tissue were attached to the floor of the flask with plasma and a fluid medium of saline solution containing various nutritive substances added. It was a relatively easy matter to remove the fluid medium when necessary and replace it with fresh medium. The development of the Carrel flask was a major advance that enabled more tissue to be handled and reduced the risk of bacterial contamination by reducing the number of manipulations required to set up and maintain cultures.
The practical difficulties of early tissue culture technique do not appear to have been great, although before the introduction of antibiotics experiments were often lost because of infection. Experimental embryologists such as Roux and Spemann had used techniques more demanding in skill than those required for tissue culture, and the apparatus required was simple and could be prepared in most laboratories. However, for whatever reason, papers published at this time by Carrel laid what seems to be undue emphasis on the problems of using tissue culture.
PROBLEMS OF MEASURING CELL GROWTH
Early investigations using tissue culture were concerned with cell morphology or with gross differences in growth, but when the Carrel flask technique was used to study the effects of different media on cell growth, it was realized that a more accurate method of measuring cell growth was required. Although suggestions were made to weigh cultures and methods were devised to do this,4" it was impractical, and Ebeling devised the method that came into common use;41 the increase in area of cell outgrowth around an explant was measured and this indicated the growth activity of cells in the culture. There were considerable practical difficulties in standardizing the method and only after "a number of minute details were modified and improved"42 was a satisfactory procedure attained. 
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Alexis Carrel and the mysticism of tissue culture divided into two parts that were as equal in area as possible (Ebeling warned that a "great deal of practice"'3 was required to do this) and these were transplanted to two separate hollow-ground slides. An identical quantity of plasma was added to each and spread over identical areas outlined around each explant. The capacities of the slides were the same so that the rate of evaporation would be the same in both. Ebeling compared the increases in area to show that using the new method there were no differences between a pair of explants, but that there was significant variation when the normal method was used.
However, the method required great care, and warnings of the difficulties involved were given by various writers. Carleton remarked that "it is unfortunate that quantitation is so difficult,"" and Carrel warned that "the technique is delicate and in untrained hands the experimental errors are of such magnitude as to render the results worthless."45 Such comments could not be expected to encourage other workers and would contribute to the impression that tissue culture was a difficult method beyond the reach of untrained hands. It was considered a most important advance when Carrel found that embryo extracts prepared by homogenization of embyros in saline markedly stimulated cell multiplication," but the situation became more confused as extracts of various adult56 or malignant57 tissues were tested on a variety of cell types and found to have stimulatory effects. Attempts were made to isolate and identify the active substances in embryo extracts or find substitutes that could be used in place of a complete extract, but these were unsuccessful.58
The situation was further complicated because Ebeling's quantitative method was not a true measure of cell multiplication. As Abercrombie has pointed out, the area of cell outgrowth around an explant depends not on the rate of cell growth, but on the rate of outward migration of cells,59 a fact recognized by Harrison" ten years before publication of Ebeling's paper. However, Ebeling and Carrel immediately used this method to study the nutritional requirements of cells"' and the effects of serum and plasma from animals of different ages on cell growth.62 By 1936 the method had fallen from favour and, although Parker discussed it at some length, he emphasized its inaccuracies. 63 Understanding of the nutritional requirements of cells in culture was very slow to develop, and the papers published by Carrel were confusing and their discussions were abstruse. Carrel's concept of what constituted cell growth in culture is particularly difficult to understand and he was questioned on this in the discussion of his British Medical Association paper." Dr It is not at all clear what Carrel meant by this for he seems to be ignoring Virchow's dictum that all cells arise from pre-existing cells, but it is unlikely that he was searching for a culture medium in which cells would spontaneously arise. There was considerable discussion of what constituted "growth" in vitro, and Legendre65 attempted to distinguish "conservation", in which tissues were kept at low temperatures and recovered their function on transplanting back into the body; "survival", in which tissues were kept at body temperature but lost the ability to resume normal functioning on transplanting; "culture" was considered to be "the development and multiplication of cells". The problem of cell nutrition was clearly of great practical importance, and research workers were unlikely to enter a field where it appeared that even the most experienced investigators were J. A. Witkowski but the interpretation of the histology of the growth-changes is often lacking."88 This criticism of Carrel is rather unfair in that most of his studies had as their aim development of technique rather than its application to particular problems. Carrel's pre-occupation with long-term cultures of actively growing cells diverted attention away from the study of cell differentiation in culture. This became the province of the Lewises in America, Champy in France, and Carleton and Honor Fell in England.
There was also criticism of Carrel in the European journals, but this was directed against his interpretation of his observations rather than the technique itself. Fischer singled out research workers in France and Germany who claimed that Carrel had not observed cell multiplication, but simply active cell migration or passive outfloating of cells from the explants.89 These criticisms require some consideration here, even though they do not directly concern the difficulties, real or otherwise, of the method. There was no doubt in Fischer's mind that these mistaken criticisms of Carrel's work were the result of poor experimentation due to inadequate technique: "The reason why so much opposition was encountered was primarily that the organisation of the culture work made by others than the pioneers was very poor and that from few unsuccessful experiments unreliable conclusions were usually drawn." 90 Carrel's principal critic was the eminent French biologist, Dr. J. Jolly. It is not perhaps surprising that Carrel's work was particularly badly received in his native country. He had left Lyons after a conflict with its medical faculty,9' and in later years he lost no opportunity of castigating French medical research as conservative and behind the times.92 Carrel's flair for publicity led to difficulties throughout his time at the Rockefeller Institute,93 and his choice of a meeting of the Societe de Biologie in Paris in November 1910 as a suitable venue for presenting some highly controversial results was unfortunate.9" This paper was immediately attacked by Jolly who, in a paper96 published in the following week on 26 November, challenged Carrel's claims that he was able to culture cells and not simply to preserve them, and that he had grown organized cultures of epithelial cells. Jolly wrote that he realized that tissue culture did not conflict with any established principle of biology and he hoped that it would soon be achieved. "Mais M. Carrel a-t-il obtenu de veritables cultures? Voila la question." Jolly's answer to his rhetorical question was an unequivocal "no". Jolly himself had been doing similar work and on the basis of this experience he objected that Carrel and Burrows had mistaken changes associated with cell death for signs of cell growth, 88 Ibid., p. 136. 89 Fischer, op. cit., note 9 above, p. 21. 90 Ibid.
91 Edwards and Edwards, op. cit., note 14 above, pp. 15, 56-57. *2 Ibid., p. 61. Jolly thought it was an abuse of language for Carrel and Burrows to describe their results as "cultures", and that there was an "abyss" between their system and true cultures that might one day be filled.
Carrel and Burrows counterattacked in a communication97 to the Society on 7 January 1911, when they described the appearance of mammalian cells in vitro. They presented photographs illustrating the state of the cells, and were scornful of Jolly's interpretation of the granularity of the cells being a sign of cell death. Jolly's reply98 followed, and he laid emphasis on the migration of cells from an explant as an explanation of the increasing area of cells around an explant. He demanded evidence of active division of these cells, and declared that the photographs exhibited by Carrel and But these were the opinions of established experts in the field, and it is clear from the earlier sources that the techniques devised by Carrel and his colleagues were generally considered to be difficult.
THE EFFECTS OF SUBSEQUENT TECHNICAL DEVELOPMENTS
Although it was because of Carrel's surgical experience that his tissue culture procedures became complex, it should not be thought that all the measures taken by the Rockefeller group were unjustified. It is difficult to appreciate the conditions and intellectual background of early scientific research and this is particularly true of fields in which technical advances have since altered radically the patterns of work. I should now like briefly to consider three such advances in tissue culture methods.
The overriding consideration in all tissue culture technique is the need to avoid bacterial contamination of the cultures, and early writers repeatedly warned that aseptic techniques were essential. Although the insistence on a rigid aseptic method may have deterred potential users, the consequences of contamination were very serious as can be judged by Carrel's statement that: "Nearly all the cultures made in the latter part of 1911 died in the same manner [contaminated] after one or two months."110 Carrel was often able to subeulture the non-infected portions of cultures but "many cultures died of sepsis".'11 He described a case in which a flourishing culture of embryonic chick portal vein was carried through fifteen subeultures (fiftytwo days) before a massive infection by bacteria destroyed the cultures. The situation was revolutionized by the introduction of antibiotics in the 1940s."12 It is possible that tissue cultures were initially used to assay the toxicity of antibiotics on mammalian cells,1"3 but it became clear that antibiotics could also be used to maintain the sterility of tissue cultures. A strict aseptic technique was still essential but the addition of low levels of antibiotics to culture media or their use at high concentrations to control an infection lessened one of the main hazards of tissue culture studies. Over-elaborate aseptic precautions were clearly superfluous and laboratories that did not have access to the operating suites advocated by Carrel may have been encouraged to undertake studies using cultures.
A much more fundamental change in procedure was the use of cell cultures rather than tissue cultures. In the former cells are grown as individuals in an unorganized fashion in monolayer or suspension cultures while in the latter there is repeated outgrowth of cells from an explant. Cell cultures depend on the use of trypsin or other enzymes to dissociate cells growing out from an explant or directly by treatment of embryonic or adult tissues."l4 The method was devised by Rous and Jones in 1916 and used by them to obtain suspensions of cells from the outgrowth around an explant"15 which were then plated in new culture vessels. This technique is rapid and 110 Carrel, op. cit., note 36 above, p. 527.
"I" Ibid., p. 527. Baker'25 who took the first substantial steps towards devising fully defined media. Their pioneering studies were followed up by Fischer and White, and work in many laboratories has since led to production of numerous media, some of which are very complex (for example NCTC 135 contains sixty-two components in addition to inorganic salts'26) and are able to support the growth of some cells in the absence of any biological supplement. But for many cells it is still necessary to add natural supplements, such as serum in quantities of up to twenty per cent, and for certain cells such as muscle, chick embryo extract is still required.'27 The use of defined media has greatly simplified tissue culture work because it has reduced the variability of preparations of natural media such as plasma. The media can be prepared in large quantities and stored easily until needed.
Despite technical advances such as subculturing using enzymes or the use of defined media, tissue culture is still a time-consuming technique and it has been estimated that up to to fifty per cent of the researcher's time can be spent maintaining cultures.128 However, because of the current importance and popularity of tissue culture there is now a large industry supplying materials for tissue culture on a scale undreamed of fifty years ago when each laboratory prepared its own materials. One firm offers seventeen different types of serum and seventy-three varieties of defined media, together with culture flasks and pipettes, enzyme solutions, and even cultures of cells. As Willmer has remarked, this ready supply of materials has "greatly eased the rather tiresome technical problems which used to face the solitary worker in the field of Tissue Culture".129
Paul remarked in the introduction to his book that "the belief that tissue culture was 'fantastically difficult' was only being dispelled when the first edition (1959) 
